A Microbiological Assay of Deoxyribonucleosides and Deoxyribonucleic Acid BY E. HOFF-J0RGENSEN In8titute of Biochemi8try, University of Copenhagen, Denmark (Received 19 February 1951) In the course of a survey of the nutritional requirements of certain lactic acid bacteria a strain, Thermobacter'ium acidophilu8 R 26, was encountered whose requirement for a deoxyriboside could not be replaced either by vitamnin B,, or by commercial antipernicious anaemia preparations from liver. This organism, therefore, seemed well suited as a test organism for a microbiological assay of deoxyribonucleic acid (DNA) more specific and more sensitive than the methods of Schmidt & Thannhauser (1945) and Schneider (1945) . The method described below allows the determination of a few ,ug. of DNA with an accuracy of about 10 %, even in tissues, such as frogs eggs, where the concentration of DNA is less than 0-01%.
EXPERIMENTAL
Methods Stock cultures are maintained by weekly transfer in skimmed milk to which is added 0.1% cysteine and 0.5% 'Difco' yeast extract. The tubes are autoclaved for 10 mi. at 1200 and stored at about 100.
Inoculum medium. Double-strength basal medium (100 ml.) and 100 ml. of 0 02M-deoxyriboside are mixed and autoclaved in 5 ml. portions for 10 min. at 120°. Inoculum. A small loopful of the stock milk culture is transferred to a tube containing 5 ml. of the inoculum medium. After incubation at 370 for 20-24 hr., the cells are centrifuged, washed once with 10 ml. of sterile saline, and resuspended in 10 ml. ofsterile saline. One small drop ofthis suspension is used to inoculate each assay tube.
Standard. Stock solution: 10-4 g.mol. of deoxyriboside, e.g. 24-2 mg. of thymidine, is dissolved in 100 ml: 25% ethanol. This solution is stable for at least 1 year. To make a working standard containing 5 x 10-9 g.mol. of deoxyriboside/ml., 0-050 ml. of the stock solution is diluted to 10 ml. with water. Snell (1950) , neutralized with NH3 instead of NaOH.
t Prepared according to Roberts & Snell (1946) .
Basal medium. The composition of the basal medium is shown in Table 1 . The addition ofthe following substances to the basal medium had no effect on the growth curve: ribonucleic acid, depolymerized ribonucleic acid, ribose, asparagine, ascorbic acid (20 mg./100 ml.); adenosine, adenylic acid, uracil, uridine, guanine, guanylic acid, cytosine, cytidine, oleic acid, deoxyribose, deoxyribose-lphosphate, choline, inositol, cadaverine, putrescine (2 mg./100 ml.); aneurin, biotin (041 mg./100 ml.); vitamin B12 (1 9g./100 ml.); Citrovorum factor (approx. 0-1 mg./ 100 ml.) and cozymase (1 mg./100 ml.).
Assay procedure. The tubes used for the assay are ordinary rimless Pyrex tubes 100 x 12 mm. The internal diameter of the tubes should not differ by more than 1 mm. at most. The standard working solution is added in amounts of 0.0, 0 1, 0-2, 0 4, 0-6, 0-8 and 1 0 ml. in duplicate. The sample is usually added in amounts of 0-2, 0 4, 0-6 and 0-8 ml. The contents of the tubes are diluted to 1 ml. with water and 1 ml. of the double-strength basal medium is added.
The solutions of the samples and the standard should be measured with an accuracy of 2 % or better. The tubes are covered with caps and shaken to ensure thorough mixing. After autoclaving for 5 min. at 1200 the tubes are cooled to room temperature, inoculated and incubated at 370 for 24 hr.
Determination of response. The tubes are shaken vigorously, and the contents are transferred to a round Coleman cuvette, type 6-310 B (10 x 75 mm.). The turbidity is read in a photoelectric colorimeter. We have used the apparatus described byRehberg (1943) . 100 =readingoftheinstrument with uninoculated medium, 0 = complete darkness.
The results are calculated from the standard doseresponse curve ( Fig. 1 ) according to Snell (1950) and expressed in g.mol. of deoxyriboside. 1 g.mol. deoxyriboside is equivalent to 327 g. DNA. 
The growth effect of different deoxyribosides
The growth effect ofseveral deoxyribosides was compared, using a sample of thymidine, recrystallized three times, as a standard. The figures in Table 2 indicate that within the experimental error all the deoxyribosides tested have the same growth effect. After boiling at pH 2 for 5 min. the growth effect of the purine deoxyribosides completely disappeared, while the effect of the pyrimidine deoxyribosides was unimpaired. Comparison of the growth effect of DNA, deoxyribonucleotides and deoxyribonucleosides A solution (a) of DNA was prepared by dissolving 1 mg. of sodium thymonucleate (Hammarsten, 1924) (P =9-15%, N = 15-97 %) in 5 ml. of phosphate buffer pH 6-8.
A solution of deoxyribonucleotides (b) was prepared by incubating 1 ml. of the DNA solution (a) and 0.1 ml. 0-O1m-MgSO4 with 100,ug. crystalline deoxyribonuclease (obtained from Worthington Biochemical Laboratory Freehold, New Jersey, U.S.A.) for 10 hr. at 37°. A solution of deoxyribonucleosides was prepared by incubating 0-5 ml. of solution (b) with 0.1 ml. intestinal phosphatase (Schmidt & Thannhauser, 1943) for 10 hr. at 37°.
From the results shown in Table 3 it appears that DNA prepared according to Hammarsten (1924) has a growth effect for Thermobact. acidophilus R 26 which is less than 1 % of the effect of the amount of deoxyribonucleosides present in the DNA.
If, however, the DNA is depolymerized by deoxyribonuclease without liberation of inorganic phosphate (Kunitz, 1950) , the growth response is maximum, i.e. the effect is equivalent to the effect of the calculated content of deoxyribosides in the DNA (70.6 %). The release of inorganic phosphate by intestinal phosphatase is not associated with any additional increase or any decrease in the growth effect. Deoxyribonucleotides therefore have the same effect as deoxyribonucleosides in equimolar concentrations.
The determination of DNA A piece of tissue containing at least 0 3 pg. P as DNA is placed in a small test tube. After addition of an exactly measured amount of 0-5N-sodium hydroxide (at least 5 /.d./mg. of fresh tissue) the tube is placed in a boiling-water bath for 15 min. During this time the tissue is disintegrated with a glass rod. After the incubation at 1000 5 vol. of a solution containing 0-06 g.mol. of maleic acid and 0-01 g.mol. of magnesium sulphate per 1. are added for each vol. of 0-5N-sodium hydroxide used above. After addition of 5 pg. of crystalline deoxyribonuclease/mg. fresh tissue the tube is incubated at 370 for at least 16 hr. The mixture is then diluted to contain about 3 x 10-9 g.mol. deoxyriboside/mI., centrifuged if necessary, and assayed.
Samples of bacteria, yeast or tissue may either be analysed in the wet state or after drying with acetone. For the analysis of bacteria and yeast, the cells should be disintegrated, preferably in 'the tuning fork disintegrator' (obtained from H. Mickle, Middlesex, England).
Accuracy of the method. An assay of DNA in 0-5 mg. dry Lactobacillus casei cells was repeated ten times within 2 months. The mean value found was 1-25 x 10-6 g.mol. deoxyriboside/100 mg. dry cell. The standard deviation was 0'08 x 10-6 g.mol.
Comparison of the results obtained with two different methods for the content of DNA in some tissues. A male rat, weight 230 g., was killed by decapitation. The tissues were analysed immediately by the microbiological method described in this paper and by the method of Schmidt & Thannhauser (1945) . Table 4 shows that the results of the two methods agree reasonably well.
Determination of DNA in tissues, etc., which contain very little DNA. The results of the microbiological assay of the DNA in tissues which contain less than about 0-1 % DNA cannot be verified by comparison with the results obtained by other methods, as no other method allows the determination of DNA in such tissues. The validity of the results given in Table 5 is, however, supported by the facts that added amounts of DNA are recovered, and that about halfthe growth effect is destroyed by mild acid hydrolysis of samples in which the DNA has been depolymerized.
The content of DNA in certain bacteria. Mixtures of 50 ml. ofthe basal medium described onp. 400 and 50 ml. of water containing varying amounts of thymidine were inoculated and incubated for 24 hr. at 37°. The cells were spun down, washed with distilled water, treated twice with 10 ml. of acetone and dried in a vacuum over sulphuric acid. The content of DNA in the cells and the residual deoxyriboside in the medium was then determined. It is seen from Table 6 that with both Thermobact. acidophilus R 26 and Thermobact. lactis I the amount of thymidine taken up from the medium is quantitatively recovered from the cells as DNA. t This organism will grow either on vitamin B12 or on a deoxyriboside.
DISCUSSION
The method presented in this paper is based on the finding that deoxyribonucleosides are essential growth factors for Thermobact. acidophilu8 R 26.
The sensitivity of the method is limited only by the requirement of the organism for deoxyribonucleosides. In a medium containing all other essential and stimulatory growth factors half maximum growth is produced by about 10-9 mole deoxyriboside/mi., corresponding to about 0-3 ptg. DNA/ml. As no other substances seem to interfere with the assay, analysis can be made of tissues etc. which are either very poor in DNA or of which only small amounts can be obtained.
The essential requirement of Thermobact. acidophtlus R 26 for a deoxyribonucleoside is elucidated by the finding that the amount of DNA found in the cells is equal to the amount of deoxyribonucleoside taken up from the medium. As the organism will grow equally well on each one of at least five different deoxyribonucleosides, some process in the cell must take place by which the bound deoxyribose taken up from the medium is distributed among the four different purine-and pyrimidine-deoxyribosides found in the DNA. Such a mechanism has been demonstrated in some deoxyriboside-requiring organism by Kalckar, MacNutt & Hoff-J0rgensen (1952 
